Here, we integrated various characteristics of fetal ventricular cells based on a mathematical model and predicted the contribution of each characteristic to maintenance of intracellular ATP concentration and sarcomere contraction under anoxic conditions. Our simulation results showed that higher glycogen content, higher hexokinase activity, and lower creatine concentration helped to prolong the time that contraction of ventricular cells was maintained under anoxic conditions. The integrated model enabled us to quantitatively assess the contributions of factors related to energy metabolism in ventricular cells.
Introduction
The developmental program of the heart requires accurate regulation to ensure continuous circulation and simultaneous cardiac morphogenesis, because any functional abnormalities may progress to congenital heart malformation. Energy metabolism in fetal ventricular cells is regulated differently from that in adult ventricular cells: fetal cardiomyocytes generally have immature mitochondria, and fetal ventricular cells show greater dependence on glycolytic ATP production ( Figure 1 ). Because fetal cardiomyocytes show similar energy metabolic profiles to stem cell-derived cardiomyocytes and cardiomyocytes in the failing heart, an improved understanding of fetal cardiomyocytes will contribute to understanding processes in stem cell-derived cardiomyocytes and cardiomyocytes under pathological conditions.
In the present study, we demonstrated that greater glycogen content, higher hexokinase activity, and lower levels of total creatine all help to prolong the maintenance of contractility under anoxic conditions. We integrated various characteristics of energy metabolism in guinea pig fetal ventricular cells based on fetal and adult ventricular cell models. The integrated model reflects dynamic changes in the ventricular cells under anoxic conditions, with both the intracellular ATP concentration and contraction maintained under anoxic conditions for a longer period in the fetal model than in the adult model. On the basis of our simulation, we predict that increased hexokinase activity and decreased total creatine content contribute to prolonged maintenance of sarcomere contraction in the models with smaller fractions of mitochondria.
Methods
We previously represented quantitative changes in various ionic components as the densities of the components through developmental stages relative to those in the adult stage [1, 2] . Briefly, our simulations demonstrated that the spontaneous action potential (AP) in early embryonic development disappeared during the later stages, and we integrated the developmental changes in the relative current densities into the Kyoto model to represent changes in the AP [3] . 
In the present study, we defined "fetus" as 44-65-dayold fetal guinea pigs because the relative current densities were obtained from fetal guinea pigs at 44-55 days after conception [4] , and concentrations of glycolytic intermediates were obtained from 60-65-day-old fetal guinea pig ventricular cells [5] . The parameters listed in Table 1 were modified to represent ventricular cells in the fetal guinea pig heart.
Recently, dynamic models of the glycolytic pathways [6, 7] were incorporated into the Kyoto model to reproduce a hypoxic reaction in a myocardial cell [8] . Briefly, the total concentration of cytoplasmic NAD and NADH was set to 20% of the mitochondrial NAD and NADH concentrations, and rate constants for creatine kinase (CK), kf and kb, were set to 8.025 × 10 -2 (mM -2 ms -1 ) and 4.835 × 10 -8 (mM -1 ms -1 ), respectively [8] . In addition, the activities of all glycolytic enzymes were multiplied by 0.2 to reflect the ratio of glycolysis and oxidative phosphorylation in ventricular cells. The initial concentrations of glycolytic intermediates were set to the concentrations observed in 60-65-day-old fetal guinea pig ventricles [5] . In addition, the relative activity of ATP production by oxidative phosphorylation was decreased to 2.5, as we decreased the fraction of mitochondrial volume to cellular volume by half in the adult model.
The fetal and adult models without the glycolytic pathway, which are defined as the "original" models, were first simulated for 600 s with no external stimulus. We then applied an external stimulation of -38 pA/pF, which is -8000 pA divided by the cell capacitance of the original Kyoto model (211.2 pF), at a frequency of 1.0 Hz for 600 s to pace the model. The traces for membrane potentials, intracellular Ca 2+ concentrations, and sarcomere lengths were obtained after pacing the models. The total ATP consumed per beat by myosin-ATPase, SR-Ca 2+ ATPase, and Na + -K + ATPase was computed by integrating the ATP consumption rates from 0 to 500 ms.
The fetal and adult models with the glycolytic pathway, which are defined as the "modified" models, were first simulated for 12 h to allow the concentrations of all glycolytic intermediates to reach a quasi-steady state. The intracellular concentrations of all glycolytic intermediates, creatine, and phosphocreatine (PCr); the cytosolic concentration of AMP; and the cytosolic and mitochondrial concentrations of NAD, NADH, ATP, ADP, and inorganic phosphate (Pi) were extracted and integrated into the model. The model was simulated for 600 s with no external stimuli, and then paced with an external stimulation of -38 pA/pF. After pacing, the oxygen concentration was set to 0 mM to simulate anoxic conditions. The simulated traces for ATP and PCr concentrations, changes in action potential duration (APD), and amplitudes of sarcomere shortening were obtained.
The glycogen concentration, relative activity of hexokinase, and total concentrations of creatine and PCr were varied to determine their contributions to the maintenance of ATP concentrations under anoxic conditions in both fetal and adult ventricular cells. The concentration of glycogen was increased 5-fold over the control (21 mM) [9] , the relative activity of hexokinase was varied from 50% to 300% of the control [10] , and the total concentration of creatine was decreased to 50% of the control [5] ; all of these characteristics were previously reported as specific characteristics of fetal guinea pig ventricular cells. We plotted the time at which the amplitude of sarcomere shortening decreased to below 5% of the amplitude under normoxic conditions against the changes in glycogen concentration, relative activity of hexokinase, and total concentration of creatine to demonstrate the contribution of the changes in parameters to maintaining contractility under anoxic conditions. In addition, we increased the fraction of the mitochondrial volume from 11.5% to 23% by increments of 1.15% and varied the relative activity of hexokinase and total concentration of creatine to further demonstrate their contributions to the fetal model with different mitochondrial volumes.
All simulations were based on the Dormand-Prince method as implemented in E-Cell Simulation Environment version 3 [11] .
3.

Results and discussion
The fetal ventricular cell model exhibited shorter amplitudes of both Ca 2+ transients and sarcomere length ( Various characteristics specific to fetal ventricular cells contributed to prolonged maintenance of contraction ( Figure 3 ). In Figure 3 , the y-axis represents the time when amplitude of sarcomere shortening fell to below 5% of the amplitude under normoxic conditions (t0.05, min).
The simulation was conducted with both the fetal and adult models representing the anoxic environment with (A) increased glycogen (GLY) content up to 5-fold, (B) increased relative hexokinase (HK) activity up to 3-fold, and (C) decreased total concentrations of creatine and PCr ([CR]) to 50%. Increasing the glycogen concentration 5-fold prolonged cellular contraction to 50 min in the fetal model and approximately 39 min in the adult model ( Figure 3A) . Similarly, increasing the relative hexokinase activity by 3-fold contributed to maintenance of contraction for 108 min in the fetal model and 18 min in the adult model ( Figure 3B) , and decreasing the total concentrations of creatine and PCr maintained contraction for 150 min in the fetal model and 62 min in the adult model ( Figure 3C ).
Conclusions
We constructed a model of energy metabolism in fetal ventricular cells. Characteristic fetal factors prolonged the time that contraction was maintained.
